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esponsibility of ChinAbstract We demonstrate that Mo6S9−xIx nanowires (MoSI NWs) enable the detection of proteins with
cytochrome c as a model protein using UV–vis spectrometry. The association of cytochrome c with the
nanowires was veriﬁed by scanning electroctron microscopy, X-ray photoelectron, light scattering and
micro-FTIR spectroscopies. Our results show that MoSI NWs is a promising nanostructure material for
the development of ultrasensitive sensors for detecting proteins. The new MoSI NW derived ampliﬁcation
bioassay is expected to provide a straightforward and effective strategy for protein analysis and biosensor
construction.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The detection and quantiﬁcation of biological and chemical
species are critical to many areas of health care, from the diagnosisearch Society. Production and hostin
2
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ese Materials Research Society.of diseases to the discovery and screening of new drug molecules.
Central to detection is the transduction of a signal associated with
the selective recognition of interesting species. The development
of new methods that enable the direct, sensitive and rapid analysis
of biological and chemical species is of great importance [1].
Nanostructures, such as nanowires, nanotubes and nanoparti-
cles, offer new and sometimes unique opportunities that can be
exploited for sensing [2–8]. The nanostructures provide a versatile
scaffold for bio-macromolecule recognition due to their size
(commensurable with proteins, DNA) and ability to tailor their
surfaces with wide range of functionalities [9–14]. Currently, one
main aspect of applications of the nanostructure materials are to be
used for detection of biomolecules as well as studies on the
interaction between nanomaterials and biomolecules, especially
proteins, since the retention of protein structure and activity ong by Elsevier B.V. All rights reserved.
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interest has been directed on understanding how nanomaterial
properties such as size and surface chemistry inﬂuence the
structure activity and stability of conjugated proteins.
Inorganic nanomaterials are especially attractive because of their
signiﬁcant advantage of controlling the relevant physical properties
by selective engineering of their geometry and composition. Among
them, molybdenum–chalcogenide–halide NWs which are composed
of molybdenum (Mo), sulfur (S) and iodine (I) in the form Mo6S9
−xIx (MoSI) are a new class of quasi-one-dimensional objects,
having two different stoichiometries Mo6S3I6 and Mo6S4.5I4.5. An
identical skeletal structure is composed of indistinguishable one
dimensional polymer chains of molybdenum–sulfur–iodine clusters,
strongly joined together by anions (either S or I). The individual
nanowires are joined together into bundles by weak Van der Waals
forces. The materials have strong anisotropy, large Young moduli
along the wires, very small shear moduli, and controllable electronic
properties. Compared to carbon nanotubes (CNTs), MoSI NWs
have some signiﬁcant advantages such as straightforward synthesis,
monodisperse diameters and metallic properties [15–19]. A speciﬁc
feature of these NWs is the growth of identical chains in the form of
bundles. Single 0.9 nm diameter NWs are reproducibly obtained
with lengths up to 100 μm by debundling and therefore can be used
in solution based techniques [16,17]. Furthermore, the novel
chemical structure of these materials makes them an obvious target
for chemical functionalization. However, bridging of MoSI NWs
with biomolecules is a relatively unexplored area [20–23].
Herein, we demonstrate that the MoSI NWs can serve as an
excellent signal-intensifying nanomaterial for high sensitive, label-
free detection of proteins. Using cytochrome c as a model protein,
the highly sensitive sensing processes were transduced by UV–
visible spectrophotometry (UV–vis).Fig. 1 UV–vis spectra of MoSI NWs solute (a), 1.3 10−6 mol L−1
cytochrome c with addition of different volumes of MoSI NWs solute:
0 mL (b), 0.05 mL (c), 0.1 mL (d), 0.5 mL (e), 1 mL (f), 1.5 mL (g) in
propanol (The total volumes of all the solutions are 1.5 mL).2. Experimental section
Horse heart cytochrome c (MW 12,384, 96% purity), 2-propanol
(HPLC, 499.8%) were purchased from Sigma-Aldrich. In this
work, all reagents were used without further puriﬁcation. Doubly
distilled water was further puriﬁed with a quartz apparatus.
Aqueous solutions were prepared with triple distilled water.
Mo6S9−xIx nanowires (MoSI NWs) were fabricated by direct
synthesis from elemental material that had been mixed in the
desired stoichiometries as described elsewhere [15]. Powders
composed of aggregates of individual nanowires were obtained.
In this work, all studies were carried out on Mo6S3I6 nanowires.
1 mg mL−1 MoSI dispersions in isopropanol were prepared
according to the procedure described elsewhere [15], that is, the
dispersions were initially sonicated for 2 min using a high power
ultrasonic tip (120 W, 60 kHz), followed by a low power ultra-
sonic bath for 2 h. Before use, the dispersions were re-sonicated
for 20 min to obtain uniform suspension, which was denoted as
MoSI NWs suspension. Some of these dispersions were placed at
rest for 24 h, and then the upper solution was decanted and
centrifuged at 4500 rpm for 30 min. Soluble phase of MoSI NWs
in isopropanol denoted as MoSI NWs solute was obtained by
getting rid of sediment, and used for spectrometric investigation.
UV–visible spectrophotometric (UV–vis) detection was carried
out using a PerkinElmer Lambda 11 spectrophotometer on 1 cm
path length quartz cells. The Light Scattering (LS) measurements
were performed with an F-4500 ﬂuorescence spectrophotometer
(Hitachi, Tokyo, Japan). The LS spectrum was recorded byscanning simultaneously the excitation and emission monochro-
mators from 210 to 750 nm (namely, Δλ¼0 nm) with a 5.0 nm slit
width of the excitation and the emission of the spectroﬂuorometer,
and the LS intensity was measured at the maximum LS peak.
The transmission electron microscopy (TEM) images, selected-
area electron diffraction patterns, and energy spectra were taken
using a JEOL JEM-200CX electron microscope operated at 150 kV.
The samples for TEM characterization were prepared by dropping
MoSI NWs solute in the absence and the presence of 2.0 10−6
mol L−1 cytochrome c on copper grids and allowed dry on air and
rinsed with water. Scanning electron microscope (SEM) images
were obtained with a JEOL JSM-6700F (operating voltage 15 kV).
The samples for SEM characterization were prepared by using the
same method employing a clean gold coated silicon substrate.
The Micro-FTIR spectra in the range between 4000 and 650 cm−1
were recorded on Nicolet Magna-IR750 (USA) instrument at a
2 cm−1 resolution. The samples were dropped on glass sheets and
dried on air, then scrapped to be detected. The mixture of cytochrome
c and MoSI nanowires was obtained by volatilizing the solvent of
cytochrome c and MoSI nanowires solute which was deposited in air.
XPS analysis was performed with an Axis Ultra spectrometer
(Kratos, UK). Using Mono Al K α (1486.6 eV) radiation at a
power of 225 W (15 mA, 15 kV). To compensate for surface
charge effects, binding energies were calibrated using C1s hydro-
carbon peak at 284.8 eV.3. Results and discussion
We demonstrated the optical detection of cytochrome c in a solution
containing NWs through UV–vis and light scattering (LS) signal
ampliﬁcation effects. This is the ﬁrst work to optically detect the
presence of proteins directly based on soluble MoSI nanowires and
therefore opens possibilities for new types of nanowire based sensors
and probes that do not require analyte labeling. MoSI NWs were
dispersed in isopropanol using a method outlined previously to obtain a
MoSI NWs solute [16,17]. The absorption spectra of cytochrome c in
the absence of MoSI NWs solute displayed a characteristic absorption
Nijun Sun, et al.,328band of porphyrin–Soret band at 446 nm for heme proteins as
illustrated in Fig. 1. Different volumes of 0, 0.05, 0.1, 0.5, 1, 1.5 mL
of MoSI NWs solute in propanol were added into 1.3 10−6 mol L−1
cytochrome c solution keeping the total volume of all the solutions the
same at 1.5 mL. Upon increasing amount of the MoSI NWs the
absorbance at 446 nm was greatly enhanced. It is obvious that MoSI
NWs act as a signal amplifying reagent for the UV–vis response of
cytochrome c. Fig. 2 presents changes in the spectrum of 2 mL MoSI
NWs solute, which were induced with addition of various concentra-
tions (40 nmol L−1–2.6 μmol L−1) of cytochrome c. The concentration
dependence of the absorbance ﬁts well to linear increase (with a
regression equation: A¼ 0:0033þ 0:17CðμMÞ (R¼0.998)) between
40 nmol L−1 and 1.8 μmol L−1 obeying Beer's law. The enhancement
of the signal is caused by the greater cytochrome c coverage on the
NWs surface, which is clearly observed by the TEM images of Fig. 3.
The addition of cytochrome c increases contact with NWs, resulting in
an increase of cytochrome c–MoSI NWs absorption intensity. The
concept could be extended to the detection of other heme proteins by
observing absorbance changes of the Soret band in the presence of
MoSI NW solute. The absorbance of cytochrome c–MoSI NWs
exhibits a reduced behavior (Fig. 2, curve j) when the amount ofFig. 2 UV–vis absorption spectra of 2 mL MoSI NWs solute with
addition of different concentrations of cytochrome c: 0 (a); 0.04 (b);
0.08 (c); 0.2 (d); 0.6 (e); 1 (f); 1.4 (g); 1.8 (h); 2.2 (i); 2.6 (j) μM. Inset
is the linear regression graph between absorbance and the concentra-
tion of cytochrome c (0.04–1.8 μM).
Fig. 3 TEM images of MoSI NWs (a) and cytochrome c–MoSI NW ens
was mixed with 2 μmol L−1 cytochrome c, and then dropped on a holeyccytochrome c is excessive. We believe that excessive cytochrome c
encourages large cytochrome c–MoSI NWs aggregates resulting in a
reduced absorbance.
To provide a further insight on the interaction between MoSI NWs
and cytochrome c, we preformed light scattering measurements (LS),
which is a powerful and promising tool due to its convenient
manipulation and high sensitivity concerning the investigations of
aggregate systems in which the nanomaterials generally interact with
biomolecules through electrostatic attraction and speciﬁc interaction.
[24–26] The light scattering signals are shown in Fig. 4. The nanowire
solution displays a broad LS peak at about 320 nm due to the presence
of small NWs bundles (Fig. 4, curve c). The LS characteristics of the
interacting systems of NWs and cytochrome c show two distinct
behaviors. First, weakly enhanced LS signals (Fig. 4, curves d to e)
could be observed at the MoSI NW characteristic peak of 320 nm,
upon addition of cytochrome c (over the range 2 10−7–2 10−6
mol L−1) in the MoSI NWs solute. Second, when the concentration of
cytochrome c exceeded 2 10−6 mol L−1, strong light scattering
signals (Fig. 4, curves g to i) were observed at 250 nm and 300 nm,
respectively which are characteristic of the cytochrome c. The results
suggest that the interaction of cytochrome c with the MoSI nanowires
at low concentrations of cytochrome c over the range of 2 10−7–
2 10−6 mol L−1 leads to enhancement of the LS of the MoSI NWs.
However higher concentrations of cytochrome c in the range of
5 10−6–2 10−5 mol L−1 induce a built up of cytochrome c on
MoSI, causing enhancement of the cytochrome c LS signals. A
comparison of curves b and i clearly demonstrates that the presence of
NWs causes a distinctive enhancement of the cytochrome c signal. The
results provide a potential application in the detection of cytochrome c
by the LS technique in the presence of MoSI NWs solute.
Direct evidence for the MoSI NWs–cytochrome c bioconjugates
could also be provided by SEM images of Fig. 5. MoSI NWs in
the presence of cytochrome c have a concrete like planar structure
revealing that MoSI NWs are wrapped up in cytochrome c. In the
absence of cytochrome c, well-deﬁned edges of small MoSI NWs
bundles could be observed. The immobilization of cytochrome c
on MoSI NWs can take place according to the following two
binding modes: one is electrostatic interaction between the NWs
and cytochrome c, and the other is speciﬁc, including hydrogen
bond and complexation, which offers stronger, sturdier and closer
attachment of the adsorbate to the NWs.
To discriminate the effect of speciﬁc binding and of electro-
static interactions at the protein/NW interface, we analyzed micro-
FTIR spectra in the absence and presence of cytochrome c. Fig. 6
shows micro-FTIR spectra of solid cytochrome c, MoSIemble (b). The sample (b) was prepared as follows: MoSI NWs solute
arbon ﬁlm of 300-mesh copper grid and allowed to dry in air.
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1538 cm−1 are attributed to the amide I (C¼O stretch) and amide
II (N–H deformation) modes of the polypeptide backbone of the
protein respectively. The amide I mode of solid cytochrome c
(Fig. 6c) shifts to a lower frequency (1646 cm−1) whereas the
amide II mode shifts to a higher frequency (1541 cm−1) in a
mixture of cytochrome c and MoSI NWs (Fig. 6b). Furthermore,
the bands at 3191, 2955, 2920, 2850, 1736, 1658, 1633, 1469,
1423, 1412, 1245, 720 and 703 cm−1 on the micro-FTIR spectrum
of MoSI nanowires (Fig. 6a) are still observed, but some of them
shift 1 cm−1 on the micro-FTIR spectrum of the mixture (Fig. 6b).
However, the bands at 3358 and 1026 cm−1of MoSI nanowires
shift to 3360 and 1019 cm−1 positions respectively, in the mixture.
Based on the literature reported, [27–30] we conclude that some of
these shifts in the FTIR signals are associated with speciﬁc binding
between the carboxylate groups (C¼O) in the protein and the
metal element in the nanowires. The same conclusion was veriﬁed
by XPS analysis. Fig. 7 (graphs a and b) presents XPS results of
MoSI nanowires in the presence and absence of cytochrome c. The
binding energies of Mo (3d5/2) at 230.72 eV and Mo (3d3/2) atFig. 4 Light Scattering, LS spectra of 2 10−5 mol L−1 cytochrome
c in the range of 210–410 nm in isopropanol solution (b); centrifu-
gated MoSI nanowires solute in isopropanol solution without (c) and
with additions of different concentrations of cytochrome c in 2-
propanol solution (d–i).
Fig. 5 Graph (a) and (b) are SEM images of MoSI nanowires so233.85 eV in the NWs spectrum shift to 229.92 and 233.05 eV in
the mixture respectively. The decrease in Mo binding energies is
explained as a consequence of the charge transfer between the
oxygen groups of the carbonyl ligand group present in cytochrome
c and the metal Mo in MoSI NWs. The Mo ions can accept
electrons from the C¼O groups of cytochrome c to form the
complexation. In addition, we speculate that the interaction by
hydrogen bond involving sulfur atom and N–H group might be
existence based on the literatures reported [30–32].4. Conclusions
We have demonstrated that the MoSI NWs is a promising nano-
structure material for the development of ultrasensitive biosensors.
The binding of protein to MoSI NWs enables the ampliﬁed
detection of protein using UV–vis spectrometry. The optical
biosensor is based on one soluble phase of MoSI NWs in
isopropanol and binding of heme proteins to them (involving both
speciﬁc and nonspeciﬁc binding). Enhancement of the absorbance
for heme proteins in presence of MoSI NWs has enabled a simplelute in the absence and presence of cytochrome c, respectively
Fig. 6 Micro-FTIR Spectroscopy of MoSI nanowires (a); the mixture
of cytochrome c and MoSI nanowires (b) and cytochrome c (c). All the
samples were prepared in isopropanol solution, dropped on the glass
sheet and dried in the air.
Fig. 7 Graphs (a) and (b) show binding energies of Mo element in MoSI nanowire and the mixture of nanowire and cytchrome c. The samples
were prepared by dropping MoSI NWs solute and the mixted solution of cytochrome c and MoSI NWs solute on the gold coated silicon substrates
respectively, and then dried in the air.
Nijun Sun, et al.,330protein detection scheme to be developed. The new label free
MoSI NW-derived ampliﬁcation bioassay is expected to open new
opportunities for protein analysis and biosensor construction.
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